In a recent paper (Iannuzzi et al 2006 Monolithic fiber-top sensor for critical environments and standard applications Appl. Phys. Lett. 88 053501) we have presented the principle of the fiber-top position sensor, having a monolytical structure carved out of a single-mode optical fiber. The device alleviates sensing in a critical environment via interferometric readout, and because of its monolithic construction, facilitates plug-and-play utilization without alignment. In this paper we describe the fabrication method of a similar device which, however, was also equipped with a pyramidal tip on the top of the cantilever, an important detail for future implementation in scanning probe microscopy. A silicon surface was then periodically put in contact and moved out of contact with the device. The output signal resembles force curves that can be similarly obtained with atomic force microscopes.
Introduction
Free hanging cantilevers are the simplest and most used position sensors.
Their broad application field covers topography measurements [1] , biochemical manipulations [2] , nano-scale patterning [3] , position sensing [4] , etc. Essential characteristics of these position sensors are the signal readout and conversion, whose complexity can occasionally limit their utilization and the operating environment. Among the large variety of signal readout methods the most significant ones are the optical levers [5] and the optical fiber interferometer [6] . Alternatively, electronic methods [7] [8] [9] can be used. Alignment difficulties of the optical techniques and the limited compatibility of electronic readouts with the surroundings (e.g. due to extreme temperatures or electrically conductive liquids) restrict their practical applications.
In order to overcome these limitations, we have recently introduced a new cantilever-based device [4] : the fiber-top cantilever. A fiber-top cantilever is a monolithic device comprising a rectangular beam free-hanging at one end and anchored at the other end to a single-mode optical fiber, from which it is machined. The cantilever is positioned in such a way that it covers the core of the optical fiber. The light coupled to the core is thus obstructed and partially reflected by the cantilever back into the optical fiber. A metal layer can be deposited atop of the cantilever in order to enhance the reflection of the incoming light. The position of the cantilever relative to the end-plane of the fiber is determined by the interference of the reflected light from the fiberair, air-cantilever and cantilever-metal coating interfaces. Subnanometer position change of the cantilever was detected with this particular configuration.
In this paper we describe the fabrication procedure and the performances of a similar device.
The great improvement with respect to our previous device is the fabrication of a sharp pyramidal tip on the top of the cantilever (figure 1), a major advancement for applications such as scanning probe microscopy. The device was then periodically brought to and out of contact with a silicon surface. The signal observed in correspondence with approach, jumpto-contact, retraction and pull-out-of-contact is similar to what is typically obtained in atomic force microscopy force curves. It is important to stress that all the most important fabrication steps were obtained by focused-ion-beam (FIB) milling, a micromachining technology mostly used in thin film machining [10, 11] . Our work demonstrates that this technology can be used for bulk micromachining of optical fibers, a useful procedure for the implementation of future optomechanical transducers.
Fabrication of the sensor
A single-mode optical fiber with a cladding diameter of 125 µm and a core of 9 µm was stripped of its jacket and cleaved by an LDC-200 machine (Vytran). A thin metallic coating was then sputtered onto the fiber end to prevent electrostatic charge accumulation due to high energy ion bombardment during the following FIB milling. A 5 nm thick chromium was used to provide good adhesion of a 20 nm thick palladium layer to the silica cladding. The metal-coated end of the optical fiber was mounted on a metallic support by means of silver glue, which also reduced electrostatic charge accumulation on the machined part of the fiber during FIB milling. The machining of the cantilevered structure from the optical fiber was carried out on a Nova 600 NanoLab dual beam system (FEI Company). A high current intensity (21 nA at 30 kV, dwell time 1 µs) was used for removing large cross sections with a gallium ion beam; then the fine milling around the pyramidal tip was done at 100 pA. The effective milling time was below 4 h. There was no noticeable difference in milling the cladding and the core material, since their mechanical properties are very similar. It is to note that lower current intensities would probably give rise to smoother surfaces. However, the milling time would considerably increase, giving rise to an inconveniently long production time.
The silica was milled simultaneously from both sides of a rectangular middle part ( figure 2(b) ), which defines the width of the cantilever. The shape of the cantilever is tapered from the tip to the anchor (about 1.5
• ), due to the ion beam deflection during deep milling ( figure 1(b) ). On the topside of the rectangular part, a triangular edge was defined (figure 2(c)) just as deep to assure the machining of the pyramidal tip in a later stage. For the next processing step the fiber was turned 90
• around its longitudinal axis ( figure 2(d) ). For the release of slender cantilevers, whose thickness is less than 2 µm, a bridge-like structure had to be machined (figure 2(e)) in order to prevent collapsing of the cantilever tip onto the end-plane of the fiber due to electrical charge accumulation in silica. Subsequently, the topside of the bridge was removed ( figure 2(f ) ). Then, the pyramidal tip was machined at a lower current of 100 pA. Finally, the cantilever was released by removing the front post of the bridge (figure 2(g)), upon which it collapsed onto the end-plane of the optical fiber. However, the silica cantilever discharged with time, moving to a free-standing position. Further milling is not possible due to the mechanical instability of electrically charged structures. The topside of the cantilever can optionally be coated with a metallic layer, in order to enhance the reflection of the light signal used to detect the position change of the cantilever relative to the end-plane of the fiber. The coating layer can be deposited right in the FIB chamber using the ion beam and one of the metal sources (e.g. platinum), or by using other deposition facilities. It is important to choose the appropriate dwell time and current density of the ion beam for deposition in the FIB chamber [12] , because this determines whether just deposition of metal or simultaneous milling of the substrate material during deposition occurs. For the device presented in figure 1 , approximately 30 nm platinum was evaporated onto the cantilever at 30 kV, 100 pA and 1 µs dwell time. The prospect of coating the pyramidal tip with various wearresistant layers may be important for specific applications, such as scanning probe microscopy.
Removing the fiber from the metallic holder was done by dispensing a small amount of acetone onto the silver glue with a syringe. Particular care was taken to avoid debris contamination onto the end-plane of the fiber or onto the cantilever.
It is worth stressing that the process described above is extremely flexible. Other fiber-top devices can be similarly realized for various applications.
Position sensor testing
Due to their monolithic structure, fiber-top sensors present the major advantage of no alignment required between the cantilever and the light source before use. The main component of the test rig is a light source/readout instrument, to which the fiber-top device is plugged. Using a laser light source of 1.31 µm wavelength, subnanometer position change of a cantilever has been measured. We refer the reader to [4] for a complete description of the readout set-up. The testing instrumentation in the present configuration comprises additionally a piezoelectric stage, illustrated in figure 3 . In the case of thin metallic coating (optically transparent) on the cantilever, the perpendicular positioning of the fiber relative to a sample surface must be avoided due to back-scattering of the light from the sample, which may alter the interference signal. Although the pyramidal tip was damaged previous to the testing, the experiment presented in figure 4 shows the proof of the principle of using the fiber-top sensor as optomechanical transducer. Approaching the fiber-top sensor to a silicon sample surface, and subsequent retraction are performed by driving the piezostage with a sinusoidal voltage signal.
In figure 4 , the four significant positions of the cantilever are illustrated by arrows. When the fiber-top sensor is far Figure 4 . The position change of the fiber-top cantilever when contacting a sample surface. Significance of the signal: 1-cantilever in neutral position; 2-jump-to-contact with the sample surface; 3-reaching the maximum range, when the cantilever is in contact with the end-plane of the fiber; 4-snap-off from the sample surface.
away from the sample surface the readout signal is constant, and represents the neutral position of the cantilever (1). By approaching the surface, the cantilever snaps into contact from a certain distance, due to long range forces between the cantilever and the sample surface (2). This produces a deflection of the cantilever relative to the end-plane of the fiber (distance increases), and it manifests similarly to the tipsample interaction in standard atomic force microscopy (the so-called jump-to-contact curve [13] ).
Once the cantilever is pushed against the sample, the distance between the cantilever and the end-plane of the fiber decreases, till the cantilever touches the plane, which obstructs further movement. The maximum deflection range is represented by (3), and it is defined by the clearance milled to release the cantilever. The shape of the curve between (2) and (3) depends on the wavelength of the light used for measurement, its intensity, the size of the clearance between the cantilever/end-plane of the fiber and the thickness of the cantilever. During the following retraction of the piezostage, the signal resembles a pull-out force curve similar to those observed with atomic force microscopes. First, the cantilever departs from the end-plane of the fiber, but it does not stop in the neutral position. The close range forces will keep the cantilever tip in contact with the sample surface till the spring force of the cantilever overcomes it, in point (4), after which the cantilever oscillates around its neutral position and stabilizes at the level designated (1).
Conclusions and discussions
By machining tools developed for specific applications, it is possible to create devices that can expand their utilization field. The present work demonstrates that micromachined optical fibers are appropriate for optomechanical devices such as position sensors, combining the embedded optical function with the mechanical structures conferred by milling techniques. As far as fabrication is concerned, fiber-top sensors do not present critical steps, except the careful handling of fragile fibers. Fabrication can be made more cost effective by batch processing, using photolithography combined with thin-film technology. Fiber-top sensors present several advantages compared to existing devices: (i) there is no need for alignment, (ii) it can be used in critical environments such as conductive liquids or extreme temperatures and (iii) it is a plug-and-play device in simple light source/readout instrument.
The potential of the fiber-top sensor is extended by the possibility of using it in standard applications that might need more complicated instrumentation. It has been shown that fiber-top sensors perform similar to atomic force microscopes in approaching/retracting cantilever to/from a sample surface. The potential of measuring deflections with subnanometer resolution recommends it for standard atomic force microscopy, detection of chemicals or as inertial sensors. Further work will be done in extending the application field of fiber-top devices, as well as in making technology suitable for batch fabrication.
